Theoretical analysis of the electron excitations in graphene on substrate by twisted, linear and circular polarization light is presented. We use a model of graphene with constant Rashba spin-orbit interaction. In this case, the band structure of electrons includes four energy bands. The main objective of this work is to compare light absorptions in graphene for different kinds of light, namely, twisted (with nonzero orbital angular momentum) and linear polarized light. The orbital angular momentum light is characterized by some parameters q and , which can modify the response, while for the linear polarization, the absorption is modified only in the region determined by the Rashba spin-orbit coupling α.
Introduction
Graphene is one of the most important materials for possible applications now. The absorption of light due to electron transitions in a single free-standing graphene layer has been already discussed. It is known that the absorption coefficient does not depend on the light frequency and is a constant determined by the constant of fine structure α 0 [1] . For the applications, not only linear or circularly polarized light is of importance. It is also important to consider the electron-light interaction for the light created by a real laser beam.
Long ago Allen et al. demonstrated that the vector potential created by the laser beam can be described by the Laguerre-Gaussian distribution of amplitude [2] . The orbital angular momentum (OAM) appears when the electric field has an angular dependence of exp( i θ), where is the azimuthal mode index. This property of light, associated with a certain type of laser beam, has been in the focus of attention in both theoretical and experimental contexts [3, 4] . Recently, many works have been devoted to the impact of OAM in low-dimensional systems like molecules, atoms [5] [6] [7] , and quantum dots [8] .
In this work we study the absorption coefficient in graphene on a substrate and its modification by the RSO interaction. We use a model with the vector potential A(r, t), which describes the twisted light. The same vector potential for chosen direction of polarization vector ε σ like, for example, y = 0 and with q = 0 and = 0 gives us linear polarization (LP) of light and circular for x = 1 and y = 1. For these three different forms of the vector potential we calculate the absorption coefficient in graphene with the Rashba spin-orbit coupling. * corresponding author; e-mail: ming@prz.edu.pl
Model
The Hamiltonian of graphene with Rashba spin-orbit interaction has the following form:
where τ x and τ y are the Pauli matrices acting in the sublattice space of graphene, the signs ± refer to the K and K Dirac points, respectively, λ = α/2 with α being the coupling constant of RSO interaction [9] . In our calculation we use the energy parameter v = v F , where v F c/300 is the electron velocity in graphene.
The electron energy spectrum corresponding to Hamiltonian (1) consists of four energy bands in each valley E nk , where n = 1 to 4 is the band index. We obtain
with all possible combinations of signs.
We consider the light absorption in graphene taking into account various polarization of light: linear, circular, and the so-called Bessel light described by the vector potential A(r, t) in the form proposed in Refs. [10, 11] with the intensity of radiation for two different angular momenta , like presented in Fig. 1 . In the calculations we include the influence of graphene substrate, which is manifested by the RSO interaction with coupling constant α. In this case the graphene electron structure near K, K Dirac points has four electron energy bands with the optical transitions between them [12, 13] .
In order to describe the interaction of light and matter we use gauge invariant Hamiltonian with k → k + eA/ :
(2) The results will be presented for the electromagnetic wave describing twisted light (TL) compared to LP and circular polarization (CP).
The vector potential of the TL beam in the Coulomb gauge is given by (193) A(r, t) = A 0 e i (qzz−ωt)
where ε =x + iσŷ;x,ŷ,ẑ are the unit polarization vectors, and σ = ±1 corresponds to right and left CP. The radial profile of the beams is given by Bessel function J (qr) and J +σ (qr). Here we use the cylindric coordinates r = (r, θ, z) and q = (q, ϕ, q z ). The wave vector q z is along the motion of the electromagnetic wave, which is perpendicular to the graphene plane.
Linear and circular polarization
In order to find the absorption coefficient in the case of circular and linear polarization we use vector potential
where q = 0, = 0, q z = ω/c, and ω is the angular frequency of incoming light, which satisfy the relation E p = ω = hf , f is the light frequency and c is the speed of light. The vector potential A LC (r, t) of linear polarization can be taken with ε x = 1 and ε y = 0 while the CP ε x,y = 1.
The absorption coefficient can be calculated by using the Fermi golden rule
where |nk is the eigenfunction of Hamiltonian (1) and the interaction with electromagnetic wave iŝ
In the calculations we use the absorption coefficient per unit photon flux with energy E p = ωQ, where Q is the number of photons. Now the relation for absorption can be presented as I L (ω) = I 0 nn kĨ n→n L (ω) = I 0ĨL (ω). Thus, I L (ω) can be considered as a ratio of absorption coefficients for graphene with RSO interaction and for graphene without the Rashba interaction. In other words,Ĩ L (ω) is the absorption coefficient normalized to that for graphene without the Rashba interaction. In this case the ration I 0 /Q = πe 2 / c = πα 0 , where α 0 = 1/137 is the fine-structure constant. The constant I 0 correspond to absorption coefficient at T = 0 of graphene without RSO interaction α = 0.
In the limit of ω λ the absorption (5) does not depend on the frequency of light. The independent of the system parameter I 0 is defined as:
where A 2 0 = 4π cQ/ω is the square amplitude of vector potential (4) for linear polarization.
We can also consider the polarization with x = y = 1. This means that the light is circularly polarized. In this case the amplitude of vector potential is twice smaller than LP A 2 0 = 2π cQ/ω.
Twisted light
For the Bessel beam with nonzero OAM the vector potential is defined by Eq. (3). Now the interband optical transitions are realized with non-conserved electrons momentum, q = k − k . We take the matrix elements of optical transitions as nk|Ĥ A |n k , where the eigenfunctions are |nk = e i k·r
√ Ω χ nk , where Ω is the sample area and the bispinor χ nk is the eigenvector of the Hamiltonian without electromagnetic field (1) .
The absorption of twisted light can be presented bỹ
The normalization constant for the Bessel beam is
, where the square amplitude of vector potential has the form
and R is the radius of sample, whereas the dimensionless function is B (rq) = −2 (rq)
with the Bessel function of the first kind J ν (x).
Summary and conclusion
Our main results are presented in Figs. 2 and 3 , where the absorption coefficient in graphene is presented as a function of photon energy ω in the units of RSO coupling λ. In contrast to the free standing graphene the absorption is not a constant over the whole range of photon energies but is strongly modified by RSO interaction generated by the substrate. The momentum of electrons is conserved for the optical interband transitions induced by linear or circular polarized light. In both cases we chose the chemical potential µ = 5 meV thus the first electron transition is possible from n = 2 to n = 3 bands (n labeling the bands in the order of increasing energy). The absorption edge is shown by blue line and is smaller than the Rashba coupling. The black line corresponds to the total absorption coefficient in graphene, whereas the solid and dashed lines are related to linear and circular polarizations, respectively. The parameters q and strongly influence the absorption. It means that we can modify the number of absorbed photons in graphene by changing the parameters and q.
